INCREASING EVIDENCE SUGGESTS both that plasma membranes have limited gas permeability and that specific proteins facilitate gaseous molecule movement across plasma membranes. Examples of plasma membranes with low gas permeability include the apical plasma membrane of gastric parietal and chief cells, which have only minimal permeability to CO 2 and NH 3 (6, 65) , colonic epithelia, which have very low permeability to the gaseous molecule, NH 3 (60) , and renal tubular epithelial cells, where direct measurements have shown limited NH 3 permeability (17, 23, 72 ) that leads to the development of significant NH 3 gradients (22) .
The identification of limited diffusive gas permeability suggests that carrier-mediated gas movement could be an important mechanism for gas transport in many sites. Indeed, several studies confirm exactly this thesis. For example, aquaporin-1 (AQP1)-mediated CO 2 transport appears necessary for renal proximal tubule solute transport (7) and may mediate as much as 50 -60% of erythrocyte transmembrane CO 2 transport (5, 10, 16, 18) . AQP1 may also mediate O 2 transport (13) . In the kidney, carrier-mediated mechanisms are the primary mechanism of ammonia 1 movement across the plasma membranes of renal proximal tubule, thick ascending limb of the loop of Henle and collecting duct epithelial cells (4, 26, 27, 38, 68) . Thus understanding the cellular mechanisms of gas movement involves consideration of the proteins present and their capacity to transport specific gaseous molecules.
The Mep/Amt/Rh glycoprotein protein family is a recently recognized protein family that transports gas molecules. It was originally identified in yeast and plant cells (48, 52) , and subsequent studies have shown its expression in essentially all living organisms (46, 67) . Rh glycoproteins are recently identified mammalian members of this extended family (41, 43, 47) . Rh A glycoprotein (RhAG/Rhag 2 ) is expressed exclusively in erythrocytes (42, 66) , whereas the nonerythroid Rh glycoproteins, Rh B glycoprotein (RhBG/Rhbg) and Rh C glycoprotein (RhCG/Rhcg), are widely expressed (67) .
The gas transport characteristics of the nonerythroid Rh glycoproteins have been extensively studied. All three known Rh glycoproteins, Rhag, Rhbg, and Rhcg, can transport ammonia, with the majority of studies identifying the gaseous molecule, NH 3 , as the transported species (2, 3, 44, 45, 49, 51, 55, 70, 71) . Rh glycoproteins also transport methylammonia (MA), but not Na ϩ , K ϩ , or other known cations, and there are currently no known specific Rh glycoprotein transport inhibitors. Although some studies suggest that Rh glycoproteins can also transport NH 4 ϩ (2, 3, 51) , whether this involves parallel NH 3 and H ϩ transport or specific movement of the molecular species NH 4 ϩ has not been determined. Members of this family also transport CO 2 . Both the bacterial protein, AmtB, and the erythroid-specific Rh glycoprotein, RhAG, transport CO 2 when expressed in the Xenopus oocyte (50, 51) . Erythrocytes from humans with Rh null disease, which results from genetic abnormalities in RhAG expression, exhibit decreased CO 2 transport (15). In the green algae, Chlamydomonas reinhardtii, a unicellular model organism, the Rh glycoprotein, Rh1, does not contribute to extracellular ammonia transport (62) . Instead, Rh1 appears to be involved in CO 2 metabolism as increasing extracellular CO 2 increases Rh1 expression, and inhibiting Rh1 expression inhibits the normal increase in growth rates in response to elevated extracellular CO 2 (62) . Finally, X-ray crystallographic analysis of Nitrosomonas europaea Rh protein identifies a putative CO 2 binding site adjacent to the intracellular exit site of the channel (39) . In mammals, the lung is a major organ for gas exchange with the environment. Characterizing Rh glycoprotein expression in the lung might provide important information regarding the molecular mechanisms of pulmonary gas transport. Therefore, the current studies examine the expression of the nonerythroid Rh glycoproteins, Rhbg and Rhcg, in the murine lung. Because bronchial epithelial cells express Rhbg and Rhcg, we then examined whether cultured bronchial epithelial cells express Rhbg and Rhcg and whether ammonia transport occurred through diffusive or transporter-mediated mechanisms.
METHODS

Mice.
Normal BALB/c mice were obtained from Harlan Sprague Dawley (Indianapolis, IN) and were maintained on a normal mouse diet and ad libitum water intake until the day of study. All animal use was in compliance with the American Physiological Society's Guiding Principles in the Care and Use of Animals, and animal use protocols were approved by the North Florida/South Georgia Veterans Administration Institutional Animal Care and Use Committee.
Cell culture. Immortalized BEAS-2B bronchial epithelial cells were maintained in culture using standard techniques.
Antibodies. Affinity-purified Rhbg and Rhcg antibodies were generated in this laboratory and have been characterized previously (24, 45, 58, 59, 64) . Antibodies to Clara cell secretory protein were obtained from Chemicon (Temecula, CA).
Membrane protein preparation. Animals were euthanized with intraperitoneal pentobarbital sodium, and lung tissue was rapidly removed and stored frozen at Ϫ70°C until used. Tissues were homogenized in buffer A (in mM: 50 sucrose, 10 Tris buffer, 1 EDTA, pH 7.4) with a glass Dounce and then diluted in buffer B (in mM: 250 sucrose, 10 Tris buffer, and 1 EDTA, pH 7.4) containing Halt Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Rockford, IL). The sample was then centrifuged at 1,000 g for 5 min at 4°C. The pellet was resuspended in buffer B and again centrifuged at 1,000 g. The combined supernatants were then centrifuged at 21,000 g for 30 min at 4°C. The 21,000 g pellet was finally resuspended in buffer B. An aliquot was obtained for protein determination using a bicinchoninic acid assay (Pierce Biotechnology, Rockford, IL), and the remainder was stored at Ϫ70°C until used. For BEAS-2B cells, we extracted proteins using M-PER Mammalian Protein Extraction Reagent (Pierce Biotechnology) using the manufacturer's recommended procedure.
mRNA extraction. Female mice weighing 17-20 g were anesthetized with sodium pentobarbital (50 mg/kg ip). After euthanasia, the lungs were infused in situ with PBS via the trachea, removed rapidly, placed into RNAlater (Qiagen, Valencia, CA), and stored in a Ϫ70°C freezer until used. Total RNA was extracted from lung tissue and cultured cells using RNeasy Mini Kit (Qiagen) and stored in a Ϫ70°C freezer until used.
Tissue preparation for immunohistochemical localization. Mice were anesthetized with inhalant isoflurane by face mask. The lungs were preserved by in vivo cardiac perfusion with PBS (pH 7.4) followed by periodate-lysine-2% paraformaldehyde (PLP) and immersed for 24 -48 h at 4°C in the same fixative. Lung samples were embedded in polyester wax (polyethylene glycol 400 distearate; Polysciences, Warrington, PA), and 3-m-thick sections were cut and mounted on gelatin-coated glass slides.
Real-time RT-PCR. We performed real-time RT-PCR as described in detail previously (28, 58, 69) . Briefly, the forward primer for mouse Rhbg was 5Ј-GCCTGCAGAGTGTGTTTCCA-3Ј, the reverse primer was 5Ј-GAGCTGATACACGGCCTGAGA-3Ј, and the fluorescent probe was 6FAM-TGGCACTCCGCTGACCCTTGG-TAMRA. For mouse Rhcg, the forward primer was 5Ј-GGATACCCCTTCTTG-GACTCTTC-3Ј, the reverse primer was 5Ј-TGCCTTGGAACATGG-GAAAT-3Ј, and the fluorescent probe was 6FAM-AGCCTCCGCCT-GCTCCCCAAC-TAMRA. We used primers and TaqMan probes for RhBG (Hs00220735_m1) and for RhCG (Hs00170975_m1) obtained from Applied Biosystems (Foster City, CA) for studies examining BEAS-2B mRNA. RNA was reverse transcribed using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA) and random primers. Real-time RT-PCR was then performed on an ABI Prism GeneAmp 7500 Sequence Detection System. Amplification was performed using a 25-l total fluid volume and TaqMan RT-PCR Master Mix Reagents (Applied Biosystems). Results were analyzed using GeneAmp 7500 SDS software version 1.3 (Perkin-Elmer Applied Biosystems).
RT-PCR procedure. RNA was reverse transcribed using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) and random primers. To amplify human Na ϩ -K ϩ -2Cl Ϫ cotransporter isoform 1 (NKCC1), we used the forward primer, 5Ј-AGATGTCCATC-GATCAAGCC-3Ј, and reverse primer, 5Ј-TGAGTTGCAGTCTTGC-CATC-3Ј, which yields a product of 460 bp. To amplify human NKCC2, we used the forward primer, 5Ј-TTTTGCTAATGCAGTGGCTG-3Ј, and the reverse primer, 5Ј-AGCCCGTACTGACATGGTTC-3Ј, which yields a product of 642 bp. Human kidney mRNA obtained from BD Biosciences Clontech (Palo Alto, CA) was used as a positive control for both NKCC1 and NKCC2. PCR amplification of cDNA was performed using GoTaq Hot Start Polymerase (Promega, Madison, WI), an annealing temperature of 58°C, an extension time of 1 min, and 50 cycles. Amplified products were separated using electrophoresis and detected on a Kodak Image Station 440CF digital imaging system.
Immunoblotting procedure. Proteins were electrophoresed on 10% PAGE ReadyGel (Bio-Rad, Hercules, CA). Gels were then transferred electrophoretically to nitrocellulose membranes, blocked with 5 g/dl nonfat dry milk, and incubated overnight with affinity-purified primary antibody diluted in Blotto buffer (50 mM Tris, 150 mM NaCl, 5 mM Na 2EDTA, and 0.05% Tween 20, pH 7.5) with 5 g/dl nonfat dry milk. After washing, membranes were exposed to secondary antibody (goat anti-rabbit IgG or goat anti-mouse IgG conjugated to horseradish peroxidase; Promega) at a dilution of 1:5,000. Sites of antibody-antigen reaction were visualized by using enhanced chemiluminescence (SuperSignal West Pico Substrate; Pierce Biotechnology) and a Kodak Image Station 440CF digital imaging system.
Immunohistochemistry. Rh glycoprotein immunolocalization was performed using standard immunoperoxidase procedures. The sections were dewaxed in ethanol and rehydrated and rinsed in PBS. Endogenous peroxidase activity was blocked by incubating the sections in 3% H 2O2 for 30 min. The sections were blocked for 30 min with 10% normal goat serum (Vector Laboratories) in PBS followed by Mouse Detective (Biocare Medical, Concord, CA) for 45 min and then incubated at 4°C overnight with primary antibody. The sections were washed in PBS and incubated for 30 min with polymer-linked peroxidase-conjugated goat anti-rabbit IgG (MACH 2; Biocare Medical, Walnut Creek, CA), again washed with PBS, and then exposed to diaminobenzidine. The sections were washed in distilled water and then dehydrated with xylene, mounted, and observed by light microscopy.
Double immunolabeling procedure. Colocalization was accomplished using sequential immunoperoxidase procedures. The first immunoperoxidase procedure used the protocol for single labeling described above. After the diaminobenzidine reaction, the sections were washed in glass-distilled water and then in PBS and incubated in 3% H2O2 for 30 min and blocked with 10% normal goat serum and Mouse Detective. The sections were treated for 60 min with the second primary antibody, washed in PBS, incubated with the polymer-linked peroxidase-conjugated anti-rabbit secondary antibody, and then washed with PBS. Vector SG (Vector Laboratories) was used as the chromagen to produce a blue label easily distinguishable from the brown label produced by the diaminobenzidine used for detection of the first protein. The sections were washed with glass-distilled water, dehydrated with xylene, mounted with Permount, and observed by light microscopy.
Measurement of [ 14 C]MA transport activity. We measured transporter activity as [
14 C]MA uptake (0.275 Ci/ml, 5 M) as we (26, 27) described previously. Briefly, cells were rinsed with radiotracerfree uptake medium, followed by exposure to uptake medium with [ 14 C]MA added. Cells were rinsed rapidly with ice-cold, radiotracerfree medium to terminate uptake. In preliminary studies, [ 14 C]MA uptake was linear during the initial 3 min; we terminated uptake at 1 min in all subsequent studies in this report. Soluble radioactivity was extracted by precipitating proteins with 10% TCA; cell protein was then solubilized in 0.2% SDS-0.2 N NaOH and quantified using a bicinchoninic acid assay. Uptake medium, unless detailed otherwise, contained, in mM, 115 NaCl, 5 KCl, 10 HEPES, 25 choline chloride, 5 glucose, and 1.2 CaCl2 and was titrated to pH 7.50.
MA transport modeling. We determined the relative roles of diffusive and transporter-mediated transport as described previously (26, 27) . Briefly, we modeled uptake using the equation:
where Jtotal is total uptake, Jdiffusive is the diffusive rate coefficient, MA is extracellular MA concentration, Jtransporter is the transporter-mediated rate coefficient, and K m is the affinity for transporter-mediated MA transport. Jdiffusive, Jtransporter, and Km were determined using least-squares minimization (Quattro Pro X3; Corel). Competitive inhibition of MA transport. We used Dixon plot analysis to quantify BEAS-2B cell affinity for ammonia using techniques we (26, 27) 
RESULTS
Rhbg and Rhcg mRNA expression. We began examining pulmonary Rhbg and Rhcg expression by using real-time RT-PCR to determine whether the murine lung expresses Rhbg and/or Rhcg mRNA. Figure 1 shows typical results. In all tissue examined, both Rhbg and Rhcg mRNA expression was identified. In the absence of reverse transcription, there was no amplification of either Rhbg or Rhcg, demonstrating genomic DNA was not amplified. We then quantified lung Rhbg and Rhcg mRNA expression relative to the kidney, another CO 2 and ammonia-transporting organ. Lung Rhbg mRNA expression averaged 7.5 Ϯ 0.4% of kidney Rhbg expression (n ϭ 3), and lung Rhcg mRNA expression was 0.069 Ϯ 0.058% (n ϭ 3) of kidney Rhcg mRNA expression. Thus the murine lung expresses both Rhbg and Rhcg mRNA but at levels substantially lower than in the kidney.
Rhbg and Rhcg protein expression. We then used immunoblot analysis to determine whether the murine lung expresses Rhbg and Rhcg protein. Figure 2 shows typical results. The murine lung expresses both Rhbg and Rhcg protein under basal conditions.
Cellular localization of Rhbg in the lung. Multiple cell types are present in the lung, including two types of alveolar epithelial cells, vascular endothelial cells, bronchiolar epithelial cells, and peribronchial smooth muscle cells. To determine the Rhbg cellular localization in the mouse, lung we used immunohistochemistry. Rhbg immunoreactivity was identified exclusively in a subpopulation of bronchial and bronchiolar epithelial cells, where it exhibited exclusively basolateral immunoreactivity (Fig. 3) . High-power magnification showed that the Rhbgpositive cells were nonciliated cells (Fig. 4) . Detectable Rhbg immunoreactivity was not observed in alveolar tissues, vascular tissues, or peribronchial smooth muscle. Furthermore, no detectable Rhbg immunoreactivity was observed either when rabbit IgG was substituted for the primary antibody or when primary antibody was preabsorbed with the immunizing peptide (Fig. 5) . The selective presence of Rhbg in nonciliated, nongoblet cells suggests cell-specific expression in Clara cells.
To confirm Rhbg expression by Clara cells, we colocalized Rhbg with the Clara cell marker, Clara cell secretory protein. Figure 6 shows representative results. Only Clara cell secretory protein-positive cells expressed basolateral Rhbg immunoreactivity.
Cellular localization of Rhcg in the lung. We performed a similar series of studies to determine the cell-specific expression of Rhcg in the mouse lung. Figure 7 shows representative results. Rhcg immunoreactivity was identified in bronchial and bronchiolar epithelial cells beginning in main stem bronchi and extending to terminal bronchioles. No immunoreactivity was identified in alveolar epithelial or endothelial cells, pneumocytes, or vascular endothelium. Similar to Rhbg, no immunoreactivity was observed when rabbit IgG was substituted for the primary antibody or when primary antibody was preabsorbed with the immunizing peptide (Fig. 5) .
The expression of Rhcg differed from that of Rhbg. In contrast to Rhbg, Rhcg immunolabel was apical and intracellular, rather than exclusively basolateral as shown for Rhbg. In further contrast to Rhbg, all bronchial epithelial cells, with the exception of goblet cells, expressed Rhcg immunoreactivity. In particular, both ciliated and nonciliated bronchial epithelial cells expressed Rhcg immunoreactivity, suggesting that both Clara cells and non-Clara bronchial epithelial cells express Rhcg immunolabel.
To confirm Rhcg expression by both Clara and non-Clara cells, we performed double-immunolabeling studies with Rhcg and anti-Clara cell secretory protein antibodies. These studies clearly showed that both bronchial epithelial cell types expressed Rhcg immunolabel with Clara cell secretory protein (Fig. 8) . To confirm this further, we examined the colocalization of Rhcg with Rhbg, which, as shown previously, is expressed specifically in Clara cells. Double-immunolabeling of Rhbg with Rhcg clearly demonstrated colocalization of Rhbg with Rhcg in a subset of bronchial epithelial cells, i.e., To determine the cellspecific expression of Rhbg double immunolabeling of Rhbg (brown) with the Clara cell-specific protein, Clara cell secretory protein (blue) was used. Clara cell secretory protein is a cytoplasmic protein expressed only by Clara cells. Cells expressing basolateral Rhbg also expressed Clara cell secretory protein immunoreactivity (arrows). Cells without detectable Clara cell secretory protein expression did not express detectable Rhbg immunoreactivity (arrowheads).
Clara cells, and expression of only Rhcg without detectable Rhbg immunolabel in non-Clara cells (Fig. 9) .
Rh glycoprotein expression in cultured bronchial epithelial cells. To begin examining the functional role of RhBG and RhCG in bronchial epithelial cells, we used the well-characterized human bronchial epithelial cell line, BEAS-2B. Immunoblot analysis demonstrated both Rhbg and Rhcg protein expression (Fig. 10A) . Real-time RT-PCR confirmed RhBG and RhCG mRNA expression (Fig. 10B) .
Ammonia transport. In view of the evidence that the ammonia transporter family members, Rh glycoproteins, Rhbg and Rhcg, are expressed in bronchial epithelial cells, we examined whether bronchial epithelial cells exhibited transporter-mediated ammonia transport. We quantified ammonia transport as [ 14 C]MA uptake as described previously (26, 27) . In preliminary studies, the NKCC cotransporter inhibitor, furosemide, 100 M, inhibited a minor component, 17 Ϯ 0.5% (n ϭ 3), of total [
14 C]MA uptake, whereas the Na ϩ -K ϩ -ATPase inhibitor, ouabain, 10 M, did not alter transport significantly. RT-PCR amplification of BEAS-2B cell mRNA with NKCC cotransporter isoform-specific primers identified human NKCC1, but not NKCC2, mRNA expression (data not shown). Accordingly, 100 M furosemide was utilized in all solutions in experiments assessing whether an ammonia transport activity attributable to RhBG and RhCG was present in bronchial epithelial cells.
To determine whether transport reflected diffusive uptake or transporter-mediated uptake, we examined changes in initial uptake rate as extracellular concentration increased. Diffusive transport is linearly related to extracellular concentration, whereas transporter-mediated uptake will exhibit saturable kinetics. As shown in Fig. 10C , transport activity was a nonlinear function of extracellular MA, indicating that a saturable, carrier-mediated transport mechanism contributes to BEAS-2B MA transport. Total uptake could be modeled as consisting of both a transporter-mediated component, exhibiting Michaelis-Menten kinetics, and a diffusive component. The transporter-mediated component had a mean K m of 8.1 Ϯ 1.0 mM (n ϭ 3). At all concentrations examined, 0.005-25 mM, the transporter-mediated component of uptake exceeded the diffusive component. At concentrations Ͻ1 mM, the transportermediated component accounted for Ͼ80% of total uptake. Finally, we assessed the affinity for ammonia as the K i of ammonia on MA uptake. Using Dixon plot analysis (Fig. 10D) , ammonia competitively inhibited [
14 C]MA uptake with a K i of 6.3 Ϯ 0.3 mM (n ϭ 3).
DISCUSSION
These studies are the first to demonstrate expression of the newly recognized gas transporters, Rhbg and Rhcg, in the mammalian lung. The murine lung expresses both Rhbg and Rhcg mRNA and protein. In the lung, Rhbg and Rhcg are expressed in bronchial epithelial cells but are not detectable in alveolar epithelial cells or endothelium. In in vitro studies, cultured human bronchial epithelial cells expressed both Rhbg and Rhcg. These cells transported the ammonia analog, MA, through a saturable, carrier-mediated mechanism with a K m similar to that reported for other Rhbg and Rhcg-expressing cell lines. These results document for the first time that Rhbg and Rhcg are expressed in the mammalian lung, where they are likely to contribute to bronchial epithelial cell ammonia transport. The absence of detectable Rhbg and Rhcg expression in alveolar epithelial cells and endothelium does not support a substantial role for Rhbg and Rhcg in lung CO 2 transport.
Although the lung is not typically thought of as an ammoniatransporting organ, several lines of evidence demonstrate pulmonary ammonia transport. Exhaled breath condensates exhibits significant amounts of ammonia (8, 20, 29, 31, 37) , and exhaled air contains ammonia gas (11, 32, 56, 61, 63) . Ammonia excreted by the lungs is ϳ5-fold greater in patients with end-stage renal disease than in patients with normal renal function (11) , although the amount is unlikely to contribute importantly to acid-base homeostasis. Finally, abnormalities in pulmonary ammonia excretion are present in patients with asthma (33) and with cystic fibrosis (19, 33) .
The site of alveolar and exhaled breath condensate ammonia could derive from airway epithelial cells, alveolar sites, or the oropharynx. The current studies, by showing Rhcg expression in ciliated bronchial epithelial cells and both Rhbg and Rhcg expression in Clara cells, suggest that bronchial epithelial ammonia secretion involves Rhbg and Rhcg-mediated ammonia transport. This is further supported by the observation that cultured bronchial epithelial cells express both Rhbg and Rhcg and exhibit carrier-mediated ammonia/MA transport. The affinity of bronchial epithelial cell ammonia transport for ammonia/MA is similar to that which we observed examining renal epithelial cells (26, 27) and similar to that observed in studies examining heterologous expression of Rhbg and Rhcg (2, 44, 45, 51) .
The critical role of Rh glycoproteins in ammonia transport is demonstrated by two recent reports examining Rhcg deletion.
Both reports, one using global Rhcg deletion and the other using renal collecting duct-specific deletion, demonstrate that Rhcg deletion decreases both basal and acidosis-stimulated renal ammonia excretion, a normal renal function critical for acid-base homeostasis (4, 38) . Furthermore, direct measurements of ammonia transport show that global Rhcg deletion decreases collecting duct transepithelial ammonia permeability (4). Global Rhcg deletion also appears to alter male fertility, possibly related to critical roles for Rhcg in testicular and/or epididymal function (4). However, global Rhcg deletion did not alter PCO 2 , consistent with a lack of a role of Rhcg in pulmonary CO 2 excretion (4).
Bronchial epithelial cell ammonia transport is also likely to be mediated, at least in part, by a furosemide-inhibitable process, most likely involving NKCC1. NKCC1 is expressed in bronchial epithelial cells and is known to contribute to transcellular Cl Ϫ transport (21, 57) . A second NKCC isoform, NKCC2, mediates a critical role in renal ammonia transport but is not expressed in the lung (57) . We confirmed isoformspecific NKCC cotransporter mRNA expression in the human bronchial epithelial cell line, BEAS-2B cells. Thus the current studies expand on the role of NKCC1 in bronchial epithelial cells by suggesting that it contributes, along with Rhbg and Rhcg, to bronchial epithelial cell ammonia transport. However, at least as assessed in cultured bronchial epithelial cells, NKCC1 is a minor contributor to ammonia transport, accounting for Ͻ20% of total ammonia transport.
It is likely nonbronchial epithelial cells also contribute to pulmonary ammonia excretion. Specifically, the large surface area of alveolar epithelial cells makes alveoli a likely additional site for ammonia transport. However, the lack of evi- dence for Rhbg and Rhcg expression in alveolar endothelial cells and epithelial cells suggests that Rh glycoprotein-mediated ammonia transport is unlikely to contribute to ammonia movement in these sites. Instead, either diffusive NH 3 movement or transport by other, currently unidentified proteins across plasma membranes in these sites is likely to mediate ammonia secretion.
The finding of Rhbg and Rhcg in the lung differs from results reported in the initial cloning of these important ammonia transporter family members in which Rhbg and Rhcg mRNA expression was not identified (41, 43) . The most likely explanation is that the previous studies used Northern blot analysis, which is less sensitive for detecting mRNA expression than the real-time RT-PCR assay used in the current study. Indeed, the current study shows that the levels of Rhbg and Rhcg mRNA in the lung are substantially less than in the kidney. Similar observations of the ability to detect low levels of Rhbg and Rhcg mRNA by real-time RT-PCR, but not by Northern blot analysis, have been shown previously in the stomach, small intestine, and colon (28) .
As discussed in the Introduction, increasing evidence indicates that Mep/Amt/Rh glycoproteins can transport CO 2 . However, whether Rhbg and Rhcg mediate an important role in mammalian CO 2 transport is unclear. In particular, Rhbg and Rhcg are not expressed in CO 2 transport sites. For example, transmembrane CO 2 transport is critical for renal proximal tubule and thick ascending limb of the loop of Henle bicarbonate reabsorption (1) , but studies in the human, mouse, and rat kidney have uniformly shown the absence of detectable RhAG, Rhbg, or RhCG/Rhcg expression in these sites (14, 24, 54, 64, 66) . Renal intercalated cells express both Rhbg and Rhcg (14, 54, 64) and use plasma membrane CO 2 transport in the process of urinary acidification (1). However, neither Rhbg nor Rhcg deletion alters renal urinary acidification (4, 9, 38). In the stomach, CO 2 transport is critical for gastric parietal cell acid secretion, but there is no detectable Rhbg or Rhcg expression in gastric parietal cells (28) . The current study shows no detectable Rhbg and Rhcg expression in alveolar cells or in endothelial cells, the sites of pulmonary CO 2 and O 2 transport. Finally, PCO 2 was normal in mice with global Rhcg deletion (4), suggesting that pulmonary Rhcg expression is not necessary for normal CO 2 excretion. Thus studies in multiple mammalian tissues either do not identify Rhbg and Rhcg expression in sites where CO 2 transport is important or demonstrate the Rhbg and Rhcg deletion do not alter CO 2 -dependent events. Of course, one cannot exclude the possibility that under specific conditions or in response to other stimuli, Rhbg and Rhcg contribute to CO 2 transport.
In contrast, abundant evidence demonstrates Rhbg and Rhcg expression in important sites of regulated ammonia transport. In the kidney, Rhbg and Rhcg are expressed in distal epithelial sites, particularly the collecting duct, where they appear to mediate important roles in regulated ammonia metabolism (24, 25, 34, 35, 40, 58, 59 ). Recent studies demonstrate that both global and collecting duct-specific Rhcg deletion inhibits renal ammonia transport (4, 38) . In the stomach, Rhbg and Rhcg are expressed in gastric zymogenic cells, where they are instead likely to be involved in ammonia-mediated regulation of signal transduction mechanisms (28) . In the jejunum, ileum and colon Rhbg and Rhcg are expressed in villous epithelial cells, where they are likely to contribute to vectorial ammonia transport (28) . Rhcg is also expressed in skeletal and smooth muscle cells, another important site of ammonia transport (28, 66) . Finally, perivenous hepatocytes, a critical site for high-affinity ammonia metabolism, express high levels of Rhbg (69) . Thus the pattern of known expression of Rhbg and Rhcg is consistent with their mediating important roles in ammonia transport.
An important study identified evidence of evolutionary divergence of Rh glycoproteins from Amt proteins in archaeal species (30) . This, in combination with studies discussed pre- . Lines were calculated using least-squares linear regression. Lines intersect at ϪKi, and intersection above the abscissa indicates that ammonia competitively inhibits transport.
viously examining bacterial and C. reinhardtii Rh glycoproteins, has been interpreted as evidence that Rh glycoproteins attained differing physiological roles in this evolutionary process, most likely a primary role in CO 2 transport rather than ammonia transport (30, 53) . In view of the lack of evidence for mammalian Rh glycoprotein expression in CO 2 transport sites, another possibility is that the evolutionary changes mediate the large differences in ammonia affinity observed between Mep and Amt proteins, ϳ1-25 M, and Rh glycoproteins, typically 1-5 mM. Rh glycoprotein affinity for ammonia in the low millimolar range is physiologically relevant for many of the tissues in which Rhbg and Rhcg are expressed, such as kidney, intestinal tract, and liver, where ammonia levels are much higher than the low micromolar concentrations typically observed in blood (12, 28, 36, 69) .
One potential limitation of the transport studies reported here is that they used MA as an ammonia surrogate. Directly measuring transmembrane ammonia transport is difficult. Radiolabeled ammonia, using 15 N, can be quantified only by mass spectrometry. Intracellular NH 3 -or NH 4 ϩ -specific electrodes and fluorescent NH 3 -or NH 4 ϩ -specific dyes are not available. As a result, direct ammonia transport measurements are difficult and generally not practical. Instead, numerous studies show that MA is transported through the same pathways as ammonia, and it is widely used as an ammonia surrogate (reviewed in Ref. 26 ). This basic technique, using a substitute radionuclide to characterize ion transport, is similar to the widely used technique where 86 Rb ϩ is used as a potassium surrogate. Thus, although the current study uses MA as an ammonia surrogate, the results are likely to be highly relevant for understanding the molecular mechanisms of ammonia transport.
In summary, the nonerythroid ammonia transporter family members, Rhbg and Rhcg, are expressed in bronchial and bronchiolar epithelial cells. Furthermore, in cultured bronchial epithelial cells, the predominant ammonia/MA transport mechanism is a carrier-mediated mechanism that appears to be mediated by Rhbg and Rhcg. There was no detectable Rhbg or Rhcg expression in either alveolar epithelial cells or vascular endothelium, suggesting that Rhbg and Rhcg are unlikely to contribute to pulmonary CO 2 transport under basal conditions.
